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The requirements for B7 costimulation during an in vivo humoral response to an intact extracellular bacteria have not been
reported. In this study we immunized mice with Streptococcus pneumonig®36A) to determine the B7 requirements for induction

of Ig, specific for two determinants on R36A, the phosphorylcholine (PC) determinant of C-polysaccharide and pneumococcal
surface protein A (PspA). We show that the primary anti-PspA response, the development of PspA-specific memory, and the
induction of the secondary anti-PspA response in primed mice were completely dependent upon B7 costimulation. Of note,
costimulation was required only briefly after the secondary immunization compared with after the primary immunization for
optimal induction of 1g. Blockade of B7 costimulation at the time of secondary immunization also completely abrogated the
established state of memory, but did not induce tolerance. In contrast to the anti-PspA response, the primary anti-PC response
involved only a very short period of B7 costimulation. Whereas B7-2 alone was required for induction of the primary anti-PspA
and anti-PC responses, a redundant role for B7-1 and B7-2 was noted for the PspA-specific secondary response. CTLA4Ig blocked
both the anti-PC and anti-PspA responses equally well over a wide range of bacterial doses. These studies demonstrate a critical,
but variable, role for B7-dependent costimulation during an Ig response to an extracellular bacteria. The Journal of Immunology,
2000, 165: 6840—6848.

induction of Ig specific for bacterial protein and polysaccha- specific vs polysaccharide-specific murine Ig isotype responses to
ride determinants (1, 2). In vivo immunization protocols using an intact extracellular bacterium, the nonencapsulated type 2 vari-
purified protein and polysaccharide Ags indicate that anti-protein reant of Streptococcus pneumonigR36A) (10—14). Ig isotype re-
sponses are strictly T cell dependent, whereas anti-polysaccharidggonses to the cell wall protein, pneumococcal surface protein A
responses occur in the absence of T cells (3, 4). This dichotomyPspAY and to the phosphorylcholine (PC) determinant of the cell
appears to be due in large part to the inability of polysaccharidesvall C-polysaccharide have been used as models. We recently re-
to associate with MHC class Il molecules on APCs (5). Neverthelessported that optimal induction of both anti-PspA and anti-PC re-
both positive and negative regulation of anti-polysaccharide responsaponses to R36A in vivo required TC&3", CD4" T cells and B7
by noncognate forms of T cell help have been suggested (3). ligand-dependent costimulation (10). Of note, boosting of previ-
Much less is known regarding the parameters that regulate iusly primed mice, while inducing a memory IgG anti-PspA re-
vivo protein and polysaccharide-specific Ig responses to intact exsponse, failed to elicit a memory IgG anti-PC response. Recent
tracellular bacteria. The particulate nature of bacteria (6), theidata from our laboratory (Z.-Q. Wu et al., manuscript in prepara-
expression of a variety of immunomodulating protein, lipid, andtion) further indicate that the T cell help for the anti-PC response
polysaccharide moieties, and their ability to interact with hostis mechanistically distinct from that regulating the anti-PspA re-
structures (1, 7-9), suggest potential differences in the regulatorgponse and thus could show unique features regarding the require-
pathways that may govern Ag-specific humoral responses to intachent for costimulation.
bacteria vs those to isolated, soluble Ags. In this regard we have Numerous studies have indicated at least a two-signal model for
T cell activation, which includes signaling through the TCR-CD3
complex combined with a costimulatory signal (15-17). APC-
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%o have the most dominant role. Specifically, B7-1 and B7-2, ex-

I mmunity to extracellular bacteria is mostly conferred throughbeen investigating the parameters that regulate in vivo protein-
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costimulation continue to command intense research interesjig/ml (50 wl/well) in PBS. After overnight incubation at 4°C, plates were

These include the relative role of B7-1 vs B7-2 in CD28 vs CTLA4 washed three times with PBS and 0.1% Tween 20 and were blocked with

signaling and Th subset determination, the role of Ag dose in overE BS and 1% BSA at 4°C for 4 h or overnight. Diluted serum samples (see

. imulati . d th lati | d ki anti-PC ELISA) were then added, and plates were incubated overnight at
coming costimulation requirements, and the relative role and Kiyec piates were washed three times, alkaline phosphatase-conjugated

netics of costimulation in primary vs memory responses and in theolyclonal goat anti-mouse Ig isotype Abs were added (see anti-PC
induction of tolerance. In this regard the complexity of the B7 ELISA) for 2 h at room temperature, and plates were then washed three

ligand-dependent system is underscored by the differing resultémes. Substrate gtnitrophenyl phosphate, disodium; Sigma, St. Louis,
obtained in response to these questions, dependent upon the nat'vI ) at 1 mg/mlin 1 M Tris and 0.3 mM MgG pH 9.8, was then added
p q » aep P ¥W¥Fabout 30 min at room temperature for color development. Color was

of the model system under study and the experimental conditiongead at an absorbance of 450 nm on a Titer-Tek Multiskan Plus (MK 11)
used. With these questions in mind, we undertook a detailed anakLISA reader (Labsystems, Helsinki, Finland).

ysis of the in vivo costimulation requirements for both protein- and -

polysaccharide-specific humoral immunity in response to R36A tosmt'sl[ICS
clarify the role of cellular interactions in the Ig response to anData are expressed as the arithmetic mean of Ig titers of individual serum

extracellular bacteria. samples+ SEM. Differences between treatment groups were considered
significant atp < 0.05 using Student’stest.

'\I\//llizczléerlals and Methods Results
The B7 ligand-dependent costimulating activity for IgG anti-

C57BL/6 mice were obtained from The Jackson Laboratory (Bar HarborpspA and anti-PC responses is due entirely to CD28

ME) or National Cancer Institute (Bethesda, MD). CD28 mice were

obtained from The Jackson Laboratory. Mice were used at 7-10 wk of agén a previous study we demonstrated that CTLA4lg, injected at the

and were maintained in a pathogen-free environment. time of primary immunization with R36A, completely abolished

the primary IgG anti-PspA response and reduced the 1gG anti-PC

response by>6-fold, with no significant effect on IgM anti-PC

PC (6-(O-phosphorylcholine) hydroxyhexanoic acid) was a generous gif(lo)_ CTLAA4Ig, through binding to B7-1 and B7-2, blocks B7

from Dr. James Kenny (National Institute of Aging, National Institutes of . - . .
Health, Baltimore, MD) and was prepared as previously described (20). Pénteracuons with both CD28 and CTLA4 (22). Both the IgG anti

was coupled to BSA as described previously (10). Recombinant PspA waESPA and anti-PC responses, but not the IgM anti-PC response,
expressed as previously described (21) and purified using the QlAexpresvere dependent upon TC&3*, CD4" T cells. Although most
sionist system (Qiagen, Chatsworth, CA). The expressed protein includestudies indicated that CD28 and CTLA4 deliver positive and neg-

aa 4-299 of the mature protein. Murine CTLA4lg and a control fusion ; ;
protein, L6, were prepared as previously described (22). Hamster IgG antlffltlve signals to the T cell, respectively (25), some reports also

mouse B7-1 mAb (16-10A1) (23) and rat IgG2a anti-mouse B7-2 mAbguggested a T cell stimulatory effect r.esultlng from CTITA4 liga-
(GL1) (24) were purified from culture supernatant using a protein G col-tion (26, 27). Thus, we used CD28" mice (28) to determine the
umn. Rat IgG2a anti-Escherichia cgrgalactosidase (GL117) was puri- relative role of CD28 in costimulating IgG anti-PspA and anti-PC
fied from ascites by ammonium sulfate precipitation, followed by protein responses. CD28~ and control mice were immunized i.p. with

G purification, and was used as a control. Purified polyclonal hamster Ig i .
(whole molecule) was obtained from Pierce (Rockford, IL) and was use eat-killed R36A, and serum was obtained 7 and 14 days after

as a control. Immunization. Our previous study indicated that the primary anti-
PC response peaked on day 7, whereas the primary anti-PspA re-
sponse was optimal on day 14 (10). Since no significant IgG sub-
A nonencapsulated variant of typeStreptococcus pneumonigB36A) class-specific effects were observed in the current study,

was grown in Todd Hewitt broth to mid-log phase and storeet@0°C.  representative |gG isotypes that showed relatively higher re-
For immunization, frozen bacteria were thawed and subcultured on bloo

agar plates. One or two characteristic colonies were selected and suspenc%é:cjjonses are |IIustrated.'AI\|S diml(.)nhst[jaj[e(é;:rjlz';?]t.)le . IEG ant|-4PSpA
in 200 ml of Todd Hewitt broth, placed in a shaker water bath at 37°C for©SPONses were essentially abolished in Ice, whereas 4-

4-6 h until an OD (absorbance at 650 nm) of 0.6 was achieved as med0 8-fold reductions in IgG anti-PC subclass responses were ob-
sured by a spectrophotometer (Spectronic 100, Bausch & Lomb, Rochesteserved. No significant reduction in the IgM anti-PC response was
NY). The 200-ml preparation of R36A was then heat-killed by incubation geen in CD28/~ mice relative to controls. These data are guan

in a 60°C water bath for 10 h (1 h/20 ml). Sterility was confirmed by .. _.. . . . .
culture. This bacterial stock containing<.10° CFU/ml was aliquoted and titatively similar to those we previously obtained using CTLA4Ig

frozen at—70°C until used for immunization. Mice were immunized i.p. (10) and suggest that the B7 ligand-dependent costimulating ac-
with various doses (CFU) of heat-killed bacteria in 280f PBS. Serum tivity for 1gG anti-PspA and anti-PC responses is due entirely
samples for measurement of anti-PC and anti-PspA Ab titers were preparagy CD28.

from blood obtained through the tail vein.

Measurement of serum titers of anti-PC Ig isotypes by ELISA  Differential efiects of anti-B7-1 and anti-B7-2 mAbs on primary
anti-PC and primary and secondary anti-PspA responses

Reagents

Preparation of, and immunization with R36A

Immulon-2 plates were coated with PC-BSAK§/ml, 50 ul/well) in PBS . Lo . .
for 1. h at 37°C or overnight at 4°C. Plates were then blocked with PBT (1xA humber of studies have indicated a dominant role for B7-2 in

PBS, 1% BSA, and 0.1% Tween 20) at 37°C for 30 min or 4°C overnight. mediating T cell-dependent immune responses (29, 30). This may
Three-fold dilutions of serum samples in PBT were then added starting abe due to both the constitutive expression (31, 32) and the more

a 1/50 or 1/100 serum dilution. After 1-h incubation at 37°C plates were . .4 it . o ; ; . _
washed three times with PBS and 0.1% Tween 20. Alkaline phosphataserfapld Kinetics (31, 33-35) of B7-2 induction relative to B7-1. Nev

conjugated polyclonal goat anti-mouse IgM, 1gG3, 1gG1, IgG2b, andertheless, other studies employing different modgl systems h_ave
IgG2a Abs (200 ng/ml final concentration in PBT) were then added, anddemonstrated redundant roles for B7-1 and B7-2 in costimulating
plates were incubated for 37°C for 1 h. Plates were washed five times witT cell-dependent immune responses (36, 37). Thus, we used block-
PhBS a’é% Odllj(/g(LW?e? 25% SI‘;bSIIT;ﬂe (‘L‘ n;lethylumbiliferyl F’hOSante) Wafng anti-B7-1 and anti-B7-2 mAbs, injected at the time of primary
then adde g/ml, pliwell), and fluorescence was read on a o . - . ’
MicroFLUOR ELISA reader (Dynatech, Chantilly, VA). immunization, _to determine their effects on f[he primary Ig(_; anti-
. ] . PspA and anti-PC response to R36A. As illustrated in Fify, 1

Measurement of serum titers of anti-PspA Ig isotypes by ELISA peither anti-B7-1 nor anti-B7-2 mAbs had any significant effect on

Immulon 4 plates were coated with recombinant PspA (gift from Lubathe primary IgM anti-PC response as reported previously (38). In
Grinberg, Uniformed Services University of the Health Sciences) at 5contrast, anti-B7-2, but not anti-B7-1, mAb significantly inhibited
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Table I. Immunization of CD28~ vs wild-type mice with R36A for induction of anti-PC and anti-PspA respénses

Anti-PC Titers Anti-PspA Titers
(Day 7) (Day 14)
IgM 1gG2b 1gG3 1gG1 1gG2b
Control 37,400+ 3,500 4,800+ 850 16,000+ 3,300 1,040+ 266 3,380+ 483
CD28 '~ 26,350+ 3,850 600+ 125° 4,550+ 700° 55+ 4* 111+ 22°

aCD28 '~ and wild-type control mice (five per group) were immunized i.p. with R36A(50” CFU/mouse). Sera were collected on day 7 (anti-PC)
and day 14 (anti-PspA) after immunization. Values are expressed as the arithmeticenSzM,
#, p < 0.05.

the primary 1gG anti-PC (Fig. 1B) and the primary IgG anti-PspAished both the primary 1gG anti-PspA response as well as the
response (Fig. 1C). memory response to boosting at all doses of R36A; boosting with
The role of B7 ligand-dependent costimulation for establish-R36A under these conditions induced an IgG anti-PspA response
ment of immunological memory and for the elicitation of memory at the level of the primary response, indicating that tolerance was
effector function is still unresolved, although a number of studiesnot induced at any dose of R36A (also see Fig. 1). Finally, the
suggest a decreased requirement of memory cells for B7 costimyprimary 1gG anti-PC response was strongly reduced by CTLA4Ig
lation or a redundant role for heat-stable Ag (39—43). Addition-to the same degree with all doses of R36A. Thus, the requirement
ally, some studies show that blocking B7 ligand interactions infor costimulation for both the primary and memory IgG anti-PspA
vivo alone induces anergy (44, 45), whereas other studies arguend primary IgG anti-PC responses does not appear to depend on
against this view (46, 47). In this regard we wished to elucidate thehe overall level of immune stimulation by R36A. Whether the
requirement for B7 costimulation in establishing and eliciting doses of R36A employed specifically induced different levels of T
memory forS. pneumoniae. Mice were primed with R36A in the cell stimulation was not, however, formally demonstrated in this
presence of anti-B7 mAbs or control mAbs, and then boosted 6 wistudy.
later (Fig. 1C). The time of boosting was selected to allow for ) ) ) o )
clearance of the anti-B7 mAbs. Injection of anti-B7-2, but not Differential costimulation kinetics for primary vs memory IgG
anti-B7-1, mAb at the time of primary immunization with R36A anti-PSpA responses and for primary I9G anti-PSpA vs primary
completely blocked the memory IgG anti-PspA response. How/9G anti-PC responses
ever, boosting with R36A did induce an IgG anti-PspA responseLittle is known regarding the time period after immunization when
that was at the level of the primary response. These data indicatgstimulation is required for optimal induction of a primary Ig
that blocking costimulation during the primary anti-PspA responseresponse, the formation of memory, and the induction of memory
also inhibits the generation of memory, but does not induce tolereffector function following secondary immunization. Further,
ance to R36A. This is consistent with additional data demonstratbased on preliminary data (Z.-Q. Wu and C. M. Snapper, manu-
ing the ability of CTLA4lg (data not shown) or anti-B7-2 mAb script in preparation) that the nature of the T cell help for 1gG
(38) to completely inhibit the formation of germinal centers (48) in anti-PspA and PC responses is mechanistically distinct, it was pos-
response to R36A. sible that different time frames for the required costimulatory ac-
We next determined the role of B7-1 and B7-2 in mediating tivity would exist between these two responses. In this regard we
costimulation during a secondary IgG anti-PspA response. Thusirst wished to determine the kinetics of the primary anti-PC re-
anti-B7-1 and/or anti-B7-2 mAbs were injected at the time of sponse and the primary and secondary anti-PspA responses, and
boosting of mice that were previously immunized with R36A the formation of PspA-specific memory. Thus, either naive or
alone and thus were allowed to develop memory. Neither antiprimed mice were immunized with R36A, and serum samples were
B7-1 mAb nor anti-B7-2 mAb alone significantly affected the elic- obtained on various days thereafter for measurement of anti-PC
itation of the memory IgG anti-PspA response (FiQ)1However,  and/or anti-PspA titers. Fig/8demonstrates that the primary anti-
the combination of anti-B7-1 and anti-B7-2 mAbs was markedly PC response peaked 6 days after immunization, whereas the pri-
inhibitory. Thus, the generation of memory effector function alsomary anti-PspA response was maximal on day 10, consistent with
required costimulation in this model system. However, unlike thethe more rapid kinetics of a classical polysaccharide- vs protein-
primary IgG anti-PspA response and the development of memoryspecific Ig response (3, 4). Fig. 3Bdicated that the secondary
which was strictly dependent upon B7-2, redundant roles for B7-lanti-PspA response was more rapid than the primary response,
and B7-2 are observed for induction of memory effector function.peaking on day 5, consistent with classical observations of more
rapid memory vs primary Ig responses to TD Ags. In an additional
experiment we wished to determine at what point after primary
Previous studies have suggested that the requirement for B7 limmunization with R36A, PspA-specific memory developed. To
gand-dependent costimulation might be obviated under conditionaccomplish this, naive mice were immunized with R36A, then
of strong and/or persistent TCR stimulation (49-51). To furtherboosted on varying days thereafter with R36A. In each of the
study this issue we immunized mice with a wide dose range (125boosted groups serum samples were obtained 6 days after boost-
fold) of R36A (5% 10°to 6.25x 10° CFU/mouse) in the presence ing. For comparison of the primary vs secondary anti-PspA re-
of either CTLA4Ig or control L6. After 6 wk, when CTLA4Ig had sponses, sera obtained on equivalent days after primary immuni-
been cleared, mice were boosted with R36A at the same dose astion were directly compared, i.e., between groups that received
that used for primary immunization. Sera were then analyzed foonly primary immunization and those that also were boosted at a
both primary and memory 1gG anti-PspA responses and for theiven time after the primary immunization. Our standard dose of
primary lIgG anti-PC response. The IgG anti-PspA and IgG anti-PQ X 10° CFU of R36A was administered for both the primary
responses showed a marked dependence on the dose of R36A (Fignmunization and the boost. Importantly, for the sake of directly
2). CTLAdIg, injected at the time of primary immunization, abol- comparing the primary vs secondary anti-PspA responses, primary

The requirement for costimulation is independent of R36A dose
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FIGURE 1. Roles of B7-1 and B7-2 in the anti-PC and anti-PspA responses to R864&, Mice were injected i.v. with 0.3 mg of anti-B7-1 mAb and/or

0.3 mg of anti-B7-2 mAb. Control mAbs consisted of equal amounts of hamster IgG (for anti-B7-1) and/or rat IgG (for anti-B7-2). Twenty-four hours later
mice were injected i.p. with R36A (% 10" CFU/mouse). Six weeks after R36A immunization, mice were boosted with R36A alond (5 CFU/mouse).

Sera were collected 2 wk after primary immunization with R36A (primary), and 1 wk after boosting with R36A (secondary) for determination of anti-PC
and anti-PspA titers. Values represent arithmetic mes®EM of five mice per group:, p < 0.05.D, Mice were injected i.p. with R36A alone (§ 10
CFU/mouse). Six weeks later primed mice were injected i.v. with 0.3 mg of anti-B7-1 mAb and/or 0.3 mg of anti-B7-2 mAb, followed 24 h later by boosting
with R36A (5 X 10" CFU/mouse). Values represent the arithmetic m&a8EM of five mice per groups, p < 0.05.

immunization with 4x 10° CFU of R36A did not induce an anti- sponse when injected at the time of R36A immunization, it had no
PspA response that was significantly higher than that observesignificant effect when injected on day 2 or thereafter (FB).4
using 2x 10° CFU (data not shown). As illustrated in FigC3 The time during which costimulation was required for optimal
PspA-specific memory appeared to be fully developed by 8-1Gnduction of the primary IgG anti-PspA response was similar to
days after primary immunization. Thus, the primary anti-PSpA re-that required for the generation of memory. Specifically, adminis-
sponse and the formation of PspA-specific memory appear to folyation of CTLA4Ig on day 0, 2, or 4 after primary immunization
low very similar kinetics. _ _ with R36A resulted in a markedly reduced memory 1gG anti-PspA
In the next set of experiments groups of five mice each Wergesponse upon boosting with R36A 6 wk after the primary immu-

given a single injection of CTLA4Ig at different times (0—12 days) i ation, whereas CTLA4Ig given on day 6 and thereafter had no
after primary |mmun|za_t|c_)|_1 with RSG.A.’ aqd serawere OP‘a'T‘Ed 14significant effect (Fig. 4A). To determine the kinetics of costimu-
and 21 days after the initial R36A injection for determination of

. . . . ) ation during a memory IgG anti-PspA response, a second series of
serum IgG anti-PspA and anti-PC titers. L6, injected at the time 01J . 9 y1g . _p . P . . )
experiments was conducted in which mice were first primed with

R36A immunization, was used as a control. Six weeks after R36'AR36A alone, then boosted with R36A 6 wk later in the presence of

immunization, when CTLA4Ig levels were cleared (see Table Il), ) . i
mice were boosted with R36A, and serum was collected 1 and f'ther control L6 (day 0) or CTLAAIg given at different times after
the secondary immunization (days 0—6). In striking contrast to

wk later for determination of secondary serum IgG anti-PspA ti- ) ]
ters. As illustrated in Fig. 4A, injection of CTLA4Ig on day 0, 2, what was observed for the primary IgG anti-PspA response and the
or 4 following primary R36A immunization induced significant dévelopment of memory (Fig-A), CTLA4Ig inhibited the mem-
inhibition of the primary IgG anti-PspA response, whereas©y I9G anti-PspA response when injected at the time of boosting
CTLAA4Ig given on day 6 and thereafter had no significant effect,with R36A, but not 1 day later or thereafter (Fig. 4C). Thus, co-
relative to control, on serum IgG anti-PspA titers. In contrast,Stimulation is required over a much earlier time frame, after im-
whereas CTLA4Ig strongly inhibited the primary IgG anti-PC re- munization, for induction of the primary anti-PC and elicitation of
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FIGURE 2. Role of R36A dose in costimulation dependence of anti-PC and anti-PspA response. Mice were injected i.v. with 0.2 mg of either CTLA4Ig
or control L6, followed 24 h later by i.p. injection with four different doses of R36AX(A.(P, 25 X 10°, 125 x 10°, and 625X 10° CFU/mouse). Six

weeks later, mice were boosted with R36A alone with the same dose as that used in the primary immunization. Sera were collected 2 wk after primary
immunization with R36A (primary) and 1 wk after boosting with R36A (secondary) for determination of anti-PC and anti-PspA titers. Values represent
the arithmetic mear: SEM of five mice per group.

memory anti-PspA responses relative to that observed for the prirization with R36A 6 wk after mice were injected with CTLA4Ilg
mary anti-PspA response and the development of memory. alone (Table Il, groups 5 and 6, indicated that 6 wk was sufficient

o ) ) o for effective clearance of CTLA4Ig.
CTLAA4Ig injected at the time of secondary immunization results

in the abrogation of the PspA-specific memory state Discussion

Earlier in this paper (Figs. 1 and 4), we demonstrated that blockindn this report we have examined the role of B7 ligand interactions
costimulation at the time of secondary immunization with R36A during the primary and secondary immune responses to a protein
completely inhibited the memory IgG anti-PspA response. In aand polysaccharide Ag following immunization with int&trep-

final set of experiments we wished to determine whether this abtococcus pneumoniae. Our studies provide new insights into the
rogation of the secondary 1gG anti-PspA also impacted on thdunction of these molecules in regulating immune responsiveness
status of the memory immune cell population. To accomplish thisto bacterial Ags. They demonstrate that 1) the requirements for B7
mice were first primed with R36A alone, boosted 6 wk later with costimulation are independent of Ag dose; 2) during the primary
R36A in the presence of CTLA4lg, reboosted 6 wk thereafter withresponse, effector and memory cell development require CD28 and
R36A alone, then given a final R36A immunization 6 wk after that. B7-2, but not B7-1, whereas a redundant role for B7-1 and B7-2 is
In each case, serum titers of IgG anti-PspA were determined 7—1dbserved for the secondary response; 3) during the secondary re-
days after each immunization. A series of control groups was alssponse, both memory cell activation and maintenance of the mem-
established, as indicated and discussed below (Table Il). Micery pool require B7 interactions; and 4) the temporal window re-
given CTLA4lIg at the time of secondary immunization with R36A quired for B7 signaling varies between the primary and secondary
failed to elicit a memory IgG anti-PspA response (Table Il, groupsresponses and with the type of Ag.

3 and 4). Immunization of these mice with a third dose of R36A 6 B7 blockade effected a degree of inhibition of the primary IgG
wk after the secondary dose failed to elicit an 1gG anti-PspA re-anti-PSPA response that was the same over a 125-fold dose range
sponse any higher than that observed for the primary. These datd R36A; this dose range encompassed up to 100-fold differences
strongly suggested that the PspA-specific memory state had beém PspA-specific Ig titers. These findings stand in contrast to pre-
abrogated in these mice. Nevertheless, a memory IgG anti-Psp@ious studies that suggested that strong TCR signaling, secondary
response was elicited in these mice upon a fourth immunizatiorto the dose of Ag and/or the degree of TCR affinity for the peptide/
with R36A, indicating that once the mice were reprimed (third MHC complex, is associated with a decreased requirement for co-
immunization), a memory response could be elicited upon furthestimulatory molecules (49-52). These studies relied in part on cell
boosting (Table Il, groups 3 and 4). In contrast, tertiary immuni-culture systems to assess the relationship between Ag dose and B7
zation of mice that were given CTLA4Ig at the time of the primary ligand requirements. It is possible that a sufficiently high density
immunization led to a normal memory 1gG anti-PspA responseand/or affinity of PspA-derived peptide/MHC complexes was not
(Table Il, groups 1 and 2). As a control, we demonstrated that afteachievable in our in vivo system to override the B7 dependence of
priming with R36A, a memory response could still be elicited eventhis response. In this regard it would be of value to study the Ig
when mice were boosted as late as 84 days later (Table Il, grougesponse to other proteins expressed by R36A. Nevertheless, our
7). This indicated that the failure to elicit a memory response infinding that the anti-PspA response requires B7-mediated costimu-
group 4 upon tertiary immunization on day 84 was due to thelation independent of the Ag dose is more consistent with the idea
CTLA4Ig injected at the time of the secondary immunization andthat CD28 transduces signals to the T cell that are qualitatively
not to a natural loss of the memory state by this time point. Furtherdifferent from those that are delivered upon TCR engagement of
elicitation of a normal primary IgG anti-PspA response by immu- peptide-MHC complexes (53, 54).
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FIGURE 3. Kinetics of primary anti-PC and anti-PspA responses, generation of PspA-specific memory, and secondary anti-PspA&esphonsere
immunized i.p. with R36A (2< 10° CFU/mouse). Sera were collected every other day following immunization from several similar cohorts of five mice
each (days 4—18B, Mice were immunized i.p. with R36A (& 10°® CFU/mouse). Two weeks later, mice were boosted with R36X& (@° CFU/mouse),

and sera were collected each day following the boost from several similar cohorts of five mice each (da@s BHé§.were immunized i.p. with R36A

(2 X 10° CFU/mouse), then boosted at different times after primary immunization (days 4, 6, 8, 10, and 12), and sera were collected 6 days following each
boost for determination of secondary anti-PspA titers. These titers were compared with primary anti-PspA titers from sera obtained after an equivalent total
number of days following primary immunization, but without boosting. All data points are calculated from the arithmetic mean of five mice per group.

Our studies further demonstrated that the development of PspAtion induced serum anti-PspA titers that were equivalent to what
specific memory also required B7-dependent costimulation indewas observed for a normal primary.
pendent of Ag dose, since blocking B7 costimulation during the Although most studies indicated that CD28 and CTLA4 deliver
primary response also inhibited the subsequent memory respongesitive and negative signals to the T cell, respectively (25), some
to R36A, which was conducted in the absence of CTLA4lg. Spe+eports also suggested a T cell stimulatory effect resulting from
cifically, following primary immunization with R36A in the pres- CTLA4 ligation (26, 27). Further, the role of CD28 in mediating
ence of anti-B7-2 mAb, secondary immunization with R36A only B7-dependent stimulation during an in vivo immune response has
led to an anti-PspA response quantitatively similar to a normabeen somewhat controversial (58—61). Our findings that the anti-
primary response. If the formation of memory had been unaffectedspA response is abrogated in CD28 mice are consistent with
by anti-B7-2 mAb given at the time of primary immunization, we the general model that CD28 provides the positive costimulatory
would have expected the dramatically higher titers of anti-PspAsignal. However, this is in contrast with other studies that demon-
elicited from the normal memory pool following secondary im- strate an intact in vivo T cell-dependent type 2 cytokine response
munization with R36A. This would have been observed indepenin CD28’~ mice challenged with the protozdagishmania major
dently of the differing, but much lower, primary anti-PspA titers (58), or the nematode parasitéeligmosomoides polygyrys$9-—
seen in the presence or the absence of anti-B7-2 mAb treatmerfil), despite the ability of CTLA4Ig or anti-B7 mAbs to block these
Our findings are consistent with previous studies using SRBC imfesponses in wild-type mice. In the casetbfpolygyrus, the type
munization that showed a requirement for B7 interactions for the2 response is also blocked in B7-1/B7-2 double-knockout mice (M.
development of memory (42), but contrast with the findings of Ekkens et al., manuscript in preparation). Reports of a positive
more recent studies suggesting that heat-stable Ag can substituséggnaling role for CTLA4 (26, 27) could be relevant to these latter
for CD28 for induction of the memory state (43, 55). Some studiesstudies. Collectively, these studies demonstrate marked differences
show that blocking B7 ligand interactions in vivo alone inducesin the requirement for CD28 during B7-dependent in vivo re-
anergy (44, 56, 57), whereas other studies argue against this viegponses, indicating the importance of examining costimulatory
(46, 47). In this regard, although the blocking of B7 interactions atmolecule requirements for different immunogens.
the time of primary immunization with R36A blocked both the B7-1 and B7-2 may also show distinct differences in their in-
primary anti-PspA response and the generation of PspA-specifituence on T cell effector function during responses to different
memory, tolerance was not observed, since secondary immuniz&gs (16). Both may be expressed on macrophages, B cells, and

Table Il. Role of B7 ligand blockade during primary or secondary response to R36A on the subsequent primary and/or memory anti-
PspA response

Time (day) Time (day) Serum 1gG Anti-PspA Titers

Group CTLA4Ig/L6 R36A Day 14 Day 64 Day 98 Day 133
1 L6,-1 0, 42, 84, 126 3,300 93,900 105,000 73,500
2 CTLA4lg,-1 0, 42, 84, 126 <50 3,650 97,600 144,000
3 L6,41 0, 42, 84, 126 2,900 60,000 60,000 96,970
4 CTLA4lg,41 0, 42, 84, 126 2,900 2,900 3,050 131,900
5 L6,-1 42, 84, 126 - 3,400 70,000 131,000
6 CTLA4lg,-1 42, 84, 126 - 4,600 124,000 96,700
7 - 0, 84, 126 2,000 1,750 58,900 ND

2 Mice were immunized i.p. with R36A (% 10 CFU/mouse) on the days indicated. CTLA4Ig and L6 (0.2 mg/mouse) were injected i.v. on the days
indicated. Sera were collected on the days indicated for measurement of anti-PspA titers. Values represent arithmetiSEidarfdive groups of mice
each.
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FIGURE 4. Effect of blocking with CTLA4Ig, at different times following primary or secondary immunization with R36A on the primary anti-PC and
primary and secondary anti-PspA respongesndB, Mice were injected i.p. with R36A (X 108 CFU/mouse). CTLA4Ig (0.2 mg/mouse i.v.) was injected

into different groups of five mice each on day O, 2, 4, 6, 10, or 12 days after immunization. Sera were collected 14 days after R36A immunization for
determination of primary anti-PC and anti-PspA titers. L6, given at the time of R36A immunization, was used as aCphticé. were immunized i.p.

with R36A (2 X 10° CFU/mouse). Two weeks later sera were obtained (primary anti-PspA titers), then mice were boosted with R36GKF2
CFU/mouse), and CTLA4Ig was injected into different groups of five mice each 1, 2, 3, 4, 5, or 6 days after the boost. Sera were collected 7 days after
the boost for determination of secondary anti-PspA titers. L6, given at the time of secondary R36A immunization, was used as a control. Values represen
the arithmetic mear: SEM of five mice per group.

dendritic cells, but B7-2 is up-regulated earlier and shows highestimulation is required for both responses, there is a markedly re-
expression than B7-1 during the primary response (31-35). Ouduced temporal requirement for costimulatory signals during the
findings demonstrate a selective requirement for B7-2 during thesecondary response to R36A. Recent studies have suggested that
primary anti-PspA response, consistent with its early up-regulatiormemory cells enter the cell cycle and differentiate upon Ag stim-
and in general agreement with several earlier studies in otheulation much more rapidly than do naive cells (62), providing a
model systems (29, 30). The more permissive dependence of th@ssible mechanism for the shorter duration of costimulatory mol-
secondary response on either B7-1 or B7-2 suggests that B7-1 magcule requirements. Of interest, the development of PspA-specific
be more rapidly up-regulated or constitutively expressed duringnemory during the primary response required the same duration of
the secondary response or, alternatively, that memory T cells magostimulation as did the primary anti-PspA response itself, sug-
have different costimulatory molecule requirements than naive Tgesting that both effector and memory cells developed in tandem
cells in response to the same immunogen. from naive precursors. This is supported by our kinetic studies
Our findings that CTLA4Ig inhibited the secondary anti-PspA demonstrating similar kinetics between induction of the primary
response when given only at the time of boosting with R36A dem-anti-PspA response and development of PspA-specific memory.
onstrates that activation of pre-existing memory cells in this sys-These data argue against the idea that memory cells develop from
tem also requires B7 costimulation. In contrast, previous studies oéffector cells (63).
the immune response to SRBCs (42) and the nematode pakasite, Our studies also indicate that blocking B7 costimulation during
polygyrus(41), demonstrated that the secondary immune responstiie secondary response abrogated the functional memory popula-
was refractory to administration of B7 antagonists. In vitro studiestion that had differentiated during priming, since a normal second-
have also shown reduced B7-dependent costimulatory requireary response was still blocked after a third immunization with
ments for memory T cells (39, 40). It is possible that these othelR36A alone (see Table II, groups 3 and 4). These studies suggest
immunogens evoke more potent memory responses, which triggehat during a secondary response, Ag exposure in the absence of
sufficient T cell signaling through the TCR and perhaps other coB7 costimulation either deletes or functionally inactivates the
stimulatory molecules to circumvent a need for B7 costimulation.memory cell pool so that it also cannot respond following subse-
Thus, disparities in the costimulatory molecule requirements durgquent challenge. During the third immunization, priming and
ing secondary responses are observed depending on the modeemory cell development recurred, since the subsequent fourth
system. immunization did induce a normal “secondary” response.
B7-dependent costimulation was required for a much shorter As mentioned earlier, the anti-PC response, like that for PspA,
duration (within 1 day) during the secondary anti-PspA responseis dependent upon CD4TCR-a8™ T cells, although PC-specific
relative to that required for the primary anti-PspA response (3—4nemory does not develop. Both the primary anti-PC and anti-PspA
days), suggesting that memory cells can differentiate more quicklyesponses require B7-2 and CD28, but not B7-1. In contrast, a
to a B7-independent activation state compared with naive cellsedundant role for B7-1 and B7-2 was observed for both the in
during the primary response. This is consistent with our kineticvivo primary and secondary anti-polysaccharide responses to a
studies showing that induction of maximal titers of anti-PspA fol- glycoconjugate vaccine consisting of group B streptococcal cap-
lowing secondary immunization occurred earlier (4-5 days) tharsular polysaccharide conjugated to tetanus toxoid (64). Addition-
primary PspA-specific titers (8—10 days). Thus, although B7 co-ally, the in vivo T cell-mediated, idiotype-specific suppression of



The Journal of Immunology

the antie(1—3)dextran Ig response involves an interaction of 26.

B7-1 and CD28 (65). Consistent with the more rapid kinetics of the

primary anti-PC (peak on day 6) vs the primary anti-PspA (peak onp7.

day 10) response, costimulation for an optimal anti-PC response is

required over a shorter duration (within 1 day vs 4—6 days for the?®

primary anti-PspA response). In this regard, recent studies from

our laboratory (Z.-Q. Wu et al., manuscript in preparation) suggesg-

that the T cell help for the anti-PC response, in contrast to that for

anti-PspA, is TCR nonspecific and acts at an earlier time during theo.

immune response.
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